N uclear transcription factor-B (NF-B), a ubiquitous transcription factor evolutionarily conserved from flies to mammals (1) , is one of the central regulators of an organism's response to various stress signals (2) . NF-B regulates the transcription of a number of genes involved in immune and inflammatory pathways such as various proinflammatory cytokines, adhesion molecules, and apoptosis (3, 4) . Dysregulation of NF-B contributes to a variety of pathological conditions such as septic shock, acute inflammation, viral replication, and some malignancies (4, 5) . The most abundant and active forms of NF-B are dimeric complexes of p50͞RelA (p50͞p65). In unstimulated cells, these factors are held in the cytoplasm in a complex with inhibitory proteins (IBs) that mask its nuclear localization signal. In response to an extracellular signal (e.g., inflammatory cytokines, mitogens, bacterial products, or oxidative stress), IB␣ undergoes phosphorylation at specific serine residues, which then signals its ubiquitination and degradation by the proteosome pathway. Degradation of IB␣ allows an inhibitor-free NF-B complex to translocate into the nucleus, bind to DNA, and activate the transcription of specific genes. Because of NF-B's role in inflammation, carcinogenesis, and other immunological disorders, it follows that down-modulators of NF-B could have important therapeutic implications.
We have recently reported the extraction, and characterization of a mixture of triterpenoid saponins (designated fraction 35; F035) from above-ground plant parts of Acacia victoriae (6) . We have also extracted a seedpod sample of A. victoriae to obtain a comparable triterpenoid saponin mixture (F094). Both F035 and F094 are comprised of multiple molecular species of triterpene glycosides. Pure triterpenoid glycoside species designated avicins D and G were then fractionated from F094 (7) . All data comparing F035 and F094 with avicins D and G demonstrate consistently that they share properties of inhibiting the growth of cancer cells in vitro.
Extracted triterpene compositions and avicins purified from them inhibit cell proliferation, block phosphatidylinositol-3-kinase activity (6) , and induce apoptosis by directly perturbing the mitochondria in a Jurkat cell line (human T cell leukemia; ref. 7 ). An in vivo study demonstrates that F035 effectively inhibited the chemical-induced initiation and promotion of skin tumors in mice by decreasing DNA damage caused by free radicals (8) .
Based on the findings that avicins could be potentially antioxidant as well as antiinflammatory, the present study was designed to evaluate the possible inhibitory effects of triterpenoid saponin mixtures and a purified avicin on the activation of NF-B as well as downstream mediators of inflammation such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). The inhibition of NF-B activation and the decrease in the levels of iNOS and COX-2 after treatment with avicins provide insight into a probable mechanism underlying the antiinflammatory and therapeutic properties of avicins.
Methods
Cell Culture. Jurkat cell line (human T cell leukemia) and RAW 264.7 cells (human macrophage cell line) were grown in RPMI-1640 medium supplemented with 10% FBS, 200 mM glutamine, and 0.05% gentamicin.
Treatment of Cells with Avicins. Jurkat cells (1 ϫ 10 6 ͞ml) in complete medium were treated with 2 g͞ml of F094 or avicin G for 8-16 h at 37°C. At the end of the treatment, cells were washed in complete medium and counted. An equal number of viable cells was used for different experiments.
Electrophoretic Mobility Shift Assays (EMSAs). Jurkat cells (2 ϫ 10 6 ͞ml) treated with F094 or avicins were exposed to TNF (1 nM for 15 min) at 37°C. Four micrograms of nuclear extracts that were prepared as described previously (9) were incubated with 16 fmol of 32 P-end-labeled NF-B binding probe. The DNAprotein complex was separated from the free oligonucleotide on a 7.5% polyacrylamide gel. The specificity of NF-B DNA binding was examined by competition with a double-stranded mutated oligonucleotide, unlabeled oligonucleotide, and by supershift of the band by anti-p65 antibody. The radioactive bands from dried gels were visualized on a PhosphorImager (Molecular Dynamics) and quantitated by using IMAGEQUANT software.
Western Blot Analysis. Degradation of IB and nuclear translocation of the p65 subunit of NF-B were studied by Western blot analysis of cytoplasmic and nuclear extracts of avicin G-treated Jurkat cells. Rabbit anti-IB or rabbit anti-p65 antibody (Santa Cruz Biotechnology) followed with anti-rabbit antibody conjugated to horseradish peroxidase were used for immunoblotting. Protein bands were detected by chemiluminescence (ECL, Amersham Pharmacia).
Transfection and Assay of Luciferase Activity. Jurkat cells were transfected with pGL3-NF-B by electroporation. The cells were then treated with avicin G (1 g͞ml) for 16 h. NF-B was activated by using 100 ng͞ml of lipopolysaccharide (LPS), 5 ng͞ml of phorbol 12-myristate 13-acetate (PMA), or 1 nM of tumor necrosis factor (TNF). LPS, PMA, and TNF were obtained from Sigma. Luciferase activity was measured by using the luciferase assay kit (Promega) according to the manufacturer's instructions.
Induction and Measurement of iNOS and COX-2. RAW 264.7 cells (0.5 ϫ 10 6 ͞ml) were plated in 100-mm dishes and treated with F094 or avicins (2 g͞ml) for 16 h. Next, the cells were exposed to 100 ng͞ml of LPS for 24 h. Cells were lysed in a buffer containing 50 mM Tris (pH 7.4), 100 mM NaCl, 0.5% Nonidet P-40, 10 g͞ml leupeptin, 5 g͞ml aprotinin, and 100 M PMSF. Cellular proteins (70 g) were resolved on a 7.5% SDSpolyacrylamide gel. Levels of iNOS and COX-2 were analyzed by Western blot analysis by using rabbit anti-iNOS (Santa Cruz Biotechnology) and goat anti-COX-2 antibodies, respectively. Fig. 1 A and B) . However, we demonstrated a time-dependent effect of F094 and avicin G on TNF-induced NF-B (Right, Fig. 1 A and B) . With avicin G, activation of NF-B was inhibited within 4 h of treatment. Our earlier studies have shown that the various processes leading to apoptosis induced by the mixture of triterpenoid saponins or avicins were initiated as early as 30 min to 2 h posttreatment. To ensure that apoptosis of cells was not responsible for the decrease in the observed NF-B activation, cells were counted at the end of treatment, and an equal number of viable cells was studied for TNF-induced NF-B activation. Also, treatment of cells with zVAD-fmk (z-Val-Ala-Asp-CH 2 F), a broad cellpermeable irreversible inhibitor of caspases, did not affect the inhibition of activated NF-B levels, suggesting that this inhibition was independent of caspase activity (data not shown).
Results

Mixture of Triterpenoid
We next investigated the dose-response of avicin G. In the absence of TNF, avicin G alone was unable to activate any NF-B ( Fig. 2A Left) . Jurkat cells treated with 0.5 g͞ml of avicin G for 16 h showed almost a 50% decrease in TNF-induced NF-B, and treatment with 2 g͞ml of avicin G resulted in almost complete inhibition ( Fig. 2 A Right) . The NF-B DNA complex in the treated cells could be competed out with an unlabeled oligonucleotide and was supershifted by anti-p65 antibody, both of which indicate the specificity of the NF-B band (Fig. 2B ).
Avicin G Does Not Inhibit Degradation of IB but Inhibits the Nuclear
Accumulation of the p65 Subunit of NF-B. Activation of NF-B involves two important steps: (i) the release of the inhibitory IB subunit, and (ii) the nuclear accumulation of the activated NF-B. To elucidate the effect of avicin G on either or both of these steps, control and avicin G-treated Jurkat cells were exposed to TNF for different time periods. The kinetics of IB degradation were studied by Western blot analysis of the cytoplasmic extracts. As shown in Fig. 3A , we did not observe any difference in the pattern of IB degradation after treatment with avicin G. Next, to study the accumulation of the activated NF-B into the nucleus, we evaluated the appearance of the p65 subunit of NF-B in the nuclear extracts of control and avicin G-treated cells. The results shown in Fig. 3B indicate that avicin G treatment results in delayed and reduced nuclear localization of the p65 subunit of NF-B. Treatments up to 90 min with TNF did not increase the levels of p65 in the nucleus (data not shown).
Avicin G Inhibits the Binding of NF-B to DNA. We next used a cell-free system to examine the effect of avicin G on the ability of active NF-B to bind to a radioactively labeled oligonucleotide containing B DNA elements. Nuclear extracts from TNF- stimulated cells were incubated with increasing concentrations of avicin G, inhibiting the binding of NF-B to DNA in a dose-dependent manner (Fig. 4A) . However, higher concentrations of avicin G were required in vitro as compared with whole cells for comparable inhibition of NF-B binding to DNA. This result could suggest that either avicin G needs to be metabolized by cells to an active form, or its action requires a cellular cofactor. Deoxycholate (DOC) is known to dissociate NF-B from IB, thereby making it available in an active nuclear form. On treatment with DOC (0.8%), the cytoplasmic extracts of avicin G-treated cells showed decreased DNA binding as compared with the extracts of control cells (Fig. 4B ). Taken together with the fact that IB␣ degradation is not affected by avicin G (Fig. 3A) , these results suggest that avicin G modifies the NF-B in a way such that it no longer can bind to DNA.
The x-ray structure of p65 has defined its DNA-binding domain and reveals the presence of cysteine residues. We therefore evaluated the potential role of sulfhydryl groups in the action of avicin G by treating Jurkat cells with 100 M of DTT for 2 h before treating them with avicin G (2 g͞ml for 8 h). Cells were then exposed to TNF as described earlier. As shown in Fig.  4C , DTT did not modify the TNF-induced activation of NF-B; instead, it reversed the action of avicin G. These results suggest that avicin G could be modifying NF-B by alkylation of free sulfhydryls and this reaction is prevented by DTT.
Avicin G Inhibits NF-B-Dependent Expression of Luciferase, iNOS, and COX-2. To determine the effect of avicin G on NF-B-dependent gene expression, we used pGL3, a luciferase reporter gene with an NF-B element from the IL-2 promoter linked to it. Jurkat cells transiently transfected with the pGL3-NF-B were treated with LPS, PMA, or TNF to induce luciferase activity. As shown in Fig. 5A , pretreatment of the transfected cells with F094 or avicin G significantly inhibited the luciferase activity induced by the different agents.
Next, we looked at the effect of F094 and avicin G on the induction of iNOS and COX-2, expressions that are regulated by NF-B. Significant levels of iNOS and COX-2 were induced in RAW264.7 cells in response to LPS treatment. Pretreatment of cells with F094 or avicin G resulted in a dramatic decrease in the levels of LPS-induced iNOS and COX-2 (Fig. 5B ).
Discussion
One of the major challenges of cancer prevention is the development of effective new drugs that have little or no effect on normal cells and tissues. This objective has led to a growing interest in the development of natural products for chemoprevention. One such family of natural compounds known for their medicinal value is the terpenoids (10, 11). They form the largest and most diverse class of organic compounds found in plants (12) . They exhibit enormous chemical variety and complexity but have a common biosynthetic origin, the fusion of five-carbon units, each having an isoprenoid structure (13) . Triterpenoids contain 30 carbon atoms and are formed in nature by the cyclization of squalene. We recently isolated (7). In another study, F035 was found to be very effective against the initiation and promotion of murine skin tumors in mice (8) .
Topical applications of F035 significantly inhibited epidermal hyperplasia in DMBA (7,12-dimethylbez[a] anthracene) and DMBA͞TPA (TPA ϭ phorbol 12-tetradecanoate 13-acetate) skin carcinogenesis models at 4 and 8 weeks of treatment (8) . Application of F035 also reduced H-ras mutations at codon 61 and decreased skin 8-hydroxy-2Ј-deoxyguanosine (8-OH-dG) levels in the treated animals, suggesting a decrease in DNA damage caused by free radicals. Carcinogenesis is a multistep process, with inf lammation and oxidative stress forming integral components (14 -17) . A strong correlation has been shown between chronic inf lammatory conditions and the onset of some cancers (17) (18) (19) . Some examples of these related processes include chronic infections (schistosomiasis and bladder cancer, Helicobacter pylori and gastric cancer) or chronic tissue damage by chemical or physical agents (ref lux esophagitis and esophageal cancer). Chronic inf lammation and oxidative stress are related, perhaps inseparable, phenomena. Reactive oxygen species (ROS) have been thought to be genotoxic byproducts of inf lammation (20) that may contribute to genetic instability and phenotypic changes leading to malignant transformation (21, 22) . Also, increased levels of ROS maintain the inf lammation, thereby enhancing the cellular assault leading to the progression of cancer. The NF-B family of transcription factors, which play a fundamental role in the mediation of inf lammation, have been found to be important regulators of cell proliferation and oncogenesis (23) . Members of this family, such as v-rel, c-rel, p100, p105, Rel A, Bcl-3, and IB, have all been associated with cell transformation as a result of overexpression, gene amplification, gene rearrangement, or translocation (24) . NF-B is known to induce gene products that suppress apoptotic cascades such as those induced by TNF (25) and expression of oncoproteins (26) . NF-B is also known to regulate expression of antiapoptotic members of the Bcl-2 family (27) .
Based on the antioxidant and antiinf lammatory properties of the avicins observed in a mouse skin model (8), we decided to evaluate their effects on the transcriptional regulatory activity of NF-B in Jurkat cells. The wide-ranging effects of NF-B are under the regulation of a complex network of inhibitors and coactivators. Activation of NF-B by inf lammatory cytokines, mitogens, bacterial products, or oxidative stress requires the degradation of ⌱␤, which holds NF-B in the cytoplasm in a dormant complexed state. After the degradation of IB, NF-B is released from the complex to translocate into the nucleus where it binds to B DNA elements and activates different genes. The results shown in this manuscript indicate that avicins do not affect the degradation of IB but do decrease the nuclear localization of the p65 subunit of NF-B. Avicins also inhibit the binding of NF-B to B DNA elements in the nuclear extracts. This effect was observed when NF-B was activated by either TNF or deoxycholate, and suggests that on avicin G treatment, NF-B is subtly modified such that it is not caused to dissociate from the inhibitor complex, but once released by other factors it has modified DNA-binding affinity. Avicin-dependent inhibition of NF-B binding to DNA is reversed by DTT, suggesting that avicins may modify a sulfhydryl group (28) critical for activation of NF-B. The x-ray structure of p65 has shown the presence of cysteine residues, which are critical for optimal DNA-protein interactions (29, 30) . Avicin G has ␣,␤ ester groups (two in the outer monoterpene chains and one at C28) that could react with nucleophiles, especially cysteine sulfhydryl groups by a Michael-type addition (31) . Like the sesquiterpene lactone helanalin (32), avicins could be targeting the exposed thiol groups, such as the cysteine residues in the NF-B molecule. This chemical property of avicins could also account in part for their chemopreventive effects (8) , possibly by activating the transcription factor Nrf2 and thereby inducing phase 2 enzymes (33). An alternate but not mutually exclusive mechanism whereby avicins inhibit NF-B activation is a reduction in reactive oxygen species such as H 2 O 2. We have shown that avicins reduce H 2 O 2 generation during apoptosis (7) as well as after UVA exposure (unpublished observations). Thus, it is likely that avicins enhance detoxification of H 2 O 2 by activating peroxiredoxins (34) and catalase, and͞or glutathione peroxidase (35) as well as suppress production of H 2 O 2 by inhibiting phosphatidylinositol-3-kinase signaling.
There is an intensive search for molecules that inhibit activation of NF-B. Inhibitors with various modes of action have been reported (36) . Classic antiinflammatory compounds such as salicylates and glucocorticoids either prevent the degradation of IB (37) or activate the transcription of IB (38) . Alternatively, inhibition of the nuclear translocation of p65 and͞or binding of NF-B to DNA as reported in this paper offers a new strategy for therapeutic intervention. Several agents, including three natural products (32, 39, 40) and a prostaglandin (41) , have been shown to inhibit either nuclear translocation of p65 or binding of NF-B to DNA.
NF-B acts as a transcriptional regulator of other proteins, such as iNOS and COX-2, that form an essential component of an inf lammatory cascade critical for the repair of oxidative damage and progression of carcinogenesis (42) (43) (44) (45) . Thus, specific inhibitors of COX-2 have been shown to have potent antiinf lammatory effects in clinical studies (46) , and there is a search for specific inhibitors of iNOS. Because NF-B is an activator of iNOS and COX-2 expression, the ability of avicin G to inhibit induction of these proteins could have wideranging clinical importance. Supporting the notion that terpenoids could be significant platforms for drug discovery is the work of Sporn and colleagues, which reports synthetic terpenoids inhibiting iNOS and COX-2 (47) . The potential of antiinf lammatory agents as chemoprevention drugs has been recently bolstered with the identification of a phosphatidylserine-specific receptor on activated human macrophages that inhibits the inf lammatory response after binding to apoptotic cells (48) . Thus, avicins' dual effects of inhibiting upstream events of carcinogenesis, such as free radical generation and inf lammation, and thereby oxidative and nitrosative cellular stress (49) , as well as downstream events, such as apoptosis (7), mutagenesis, and chromosome instability (8) , make them potentially exciting compounds for chemoprevention.
Finally, the inhibition of NF-B activation by avicns may have important evolutionary significance as well. NF-B is a ubiquitous family of transcription factors, evolutionarily conserved from flies to mammals (1) , that is pivotal to various cellular and physiological processes, such as axis formation (50) and immune defense (4) . Secondary plant metabolites that evolved as an important defense adaptation against predators (10), including infectious agents such as fungi (51), also target highly conserved and critical pathways in animals. An understanding of the mechanism of action of avicins against many of these pathways, some of which are critical events in oncogenesis, may yield new leads for drug discovery.
